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ABSTRACT Liberibacter pathogens are the causative agents of several severe crop dis-
eases worldwide, including citrus Huanglongbing and potato zebra chip. These bacteria
are endophytic and nonculturable, which makes experimental approaches challenging
and highlights the need for bioinformatic analysis in advancing our understanding about
Liberibacter pathogenesis. Here, we performed an in-depth comparative phylogenomic
analysis of the Liberibacter pathogens and their free-living, nonpathogenic, ancestral spe-
cies, aiming to identify major genomic changes and determinants associated with their
evolutionary transitions in living habitats and pathogenicity. Using gene neighborhood
analysis and phylogenetic classification, we systematically uncovered, annotated, and clas-
sified all prophage loci into four types, including one previously unrecognized group. We
showed that these prophages originated through independent gene transfers at different
evolutionary stages of Liberibacter and only the SC-type prophage was associated with
the emergence of the pathogens. Using ortholog clustering, we vigorously identified two
additional sets of genomic genes, which were either lost or gained in the ancestor of the
pathogens. Consistent with the habitat change, the lost genes were enriched for biosyn-
thesis of cellular building blocks. Importantly, among the gained genes, we uncovered
several previously unrecognized toxins, including new toxins homologous to the EspG/
VirA effectors, a YdjM phospholipase toxin, and a secreted endonuclease/exonuclease/
phosphatase (EEP) protein. Our results substantially extend the knowledge of the evolu-
tionary events and potential determinants leading to the emergence of endophytic, path-
ogenic Liberibacter species, which will facilitate the design of functional experiments and
the development of new methods for detection and blockage of these pathogens.

IMPORTANCE Liberibacter pathogens are associated with several severe crop diseases,
including citrus Huanglongbing, the most destructive disease to the citrus industry.
Currently, no effective cure or treatments are available, and no resistant citrus variety
has been found. The fact that these obligate endophytic pathogens are not culturable
has made it extremely challenging to experimentally uncover the genes/proteins impor-
tant to Liberibacter pathogenesis. Further, earlier bioinformatics studies failed to identify
key genomic determinants, such as toxins and effector proteins, that underlie the pathoge-
nicity of the bacteria. In this study, an in-depth comparative genomic analysis of Liberibacter
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pathogens along with their ancestral nonpathogenic species identified the prophage loci
and several novel toxins that are evolutionarily associated with the emergence of the
pathogens. These results shed new light on the disease mechanism of Liberibacter patho-
gens and will facilitate the development of new detection and blockage methods target-
ing the toxins.

KEYWORDS Liberibacter pathogens, Huanglongbing, zebra chip, toxins, prophages,
pathogenesis, evolution, comparative genomics
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andidatus Liberibacter,” a genus of Gram-negative bacteria in the order of Rhizobiales,
has recently received increasing attention because several of its species are closely asso-
ciated with severe diseases in multiple crop plants, such as citrus, potato, tomato, and carrot.
These include “Candidatus Liberibacter asiaticus” found in Asia and North America,
“Candidatus Liberibacter africanus” found in Africa (1), and “Candidatus Liberibacter
americanus” found in Brazil (2) that cause the citrus Huanglongbing (HLB) disease and
“Candidatus Liberibacter solanacearum” that causes similar diseases in tomato (psyllid yellows
disease), potato (zebra chip [Z(] disease), and carrot around the world (3, 4).

HLB disease, also known as citrus greening, is the most destructive worldwide disease of
citrus (5). It is characterized by yellowing of citrus leaves, premature defoliation, decay of
feeder rootlets and lateral roots, production of small, bitter fruit, and eventually death of the
citrus tree (5). In all, HLB has led to a substantial loss of citrus production and severe damage
to the economy and job market (6). Unfortunately, there is currently no effective cure or
treatment available, and no resistant citrus variety has been found so far. As a result, infected
citrus trees are often abandoned, creating a hot spot for the pathogens and their insect vec-
tors and perpetuating the problem in citrus-growing regions around the world.

Likewise, ZC is a new disease of potato that was first identified in Mexico in 1994 (7)
and has quickly spread to many countries in North and South America and New
Zealand in recent years (8). ZC negatively affects growth, yield, and quality of tubers
and thus significantly affects international trade and the economy (9). Similar to HLB, there
is currently no effective treatment for “Ca. Liberibacter solanacearum” infection. Instead,
growers rely on monitoring vector populations and treating with different insecticides. There
is also no resistant potato variety currently in production. The pathogen is equally as destruc-
tive to Apiaceae crops like carrot and celery in Europe, the Mediterranean region, and north-
ern Africa, causing yield and quality defects that render crops unmarketable (8, 10).

Given the severity and rapid spreading of these diseases in commercial crops, extensive
research efforts have been made to better understand the basic biology of these pathogens
and the pathogenesis mechanisms of the diseases. However, the progress has been slow due
to several main obstacles. Liberibacter pathogens are endophytic bacteria transmitted naturally
by several psyllid vectors, such as Asian citrus psyllid (Diaphorina citri) (11), African citrus psyllid
(Trioza erytreae) (12), potato psyllid (Bactericera cockerelli) (9), and carrot psyllids (Trioza apicalis)
(13, 14). This, along with them being unculturable, makes controlled inoculation for studying
host-pathogen interaction extremely difficult (15). Moreover, secreted toxins or effectors, either
manipulating host/vector immunity and physiology or damaging the host cells (16), represent
the most important pathogenicity determinants of bacterial pathogens. Yet, identities of the
toxins or effectors in Liberibacter pathogens have remained elusive for years. Previous research
has relied mostly on bioinformatics prediction of secreted proteins carrying T2SS-specific signal
peptides followed by functional examination (17-19). However, such strategy suffers from pre-
dicting too many candidates, making functional validation inefficient or impractical. Further,
the assumption that HLB-associated toxins/effectors contain a signal peptide is premature and
might not necessarily be valid. Thus far, the potential toxins/effectors identified by earlier stud-
ies are limited to a small number of HLB-associated pathogens. For instance, CLIBASIA_03875
(m3875) (20) is present in only one “Ca. Liberibacter asiaticus” strain; other reported toxins,
such as Sec-delivered effector 1 (SDE1; CLIBASIA_05315) (21, 22), Las5315mp (23), SDE15
(CLIBASIA_04025) (24), and CLIBASIA_04405 (m4405) (25), are present only in “Ca. Liberibacter
asiaticus” stains but not in other HLB-associated pathogens (“Ca. Liberibacter americanus” and

Volume 9 Issue2 e00509-21

&,  Microbiolos
% Spectru Y

MicrobiolSpectrum.asm.org 2



Comparative Phylogenomics of Liberibacter Pathogens

“Ca. Liberibacter africanus”). This suggests that other types of unidentified toxins or effectors
might be responsible for the primary HLB pathology. Consequently, without accurate and
comprehensive information about the HLB-associated toxins/effectors, targeted strategies for
detection, prevention, and blockage will not be possible.

In this study, we aimed to tackle these problems by utilizing available genome informa-
tion and dedicated bioinformatics strategies. Our analysis is based on the observed pheno-
typic difference between the most ancestral Liberibacter species, Liberibacter crescens, which
displays a free-living habitat and is apparently nonpathogenic, and the descendants that are
both endophytic and pathogenic. We hypothesized that the functional difference is deter-
mined by the genomic changes, including both gene-loss and gene-gain events, that
occurred at the common ancestor of the pathogens. We designed multiple comparative
genomics strategies to systematically mine the major genomic differences, including unique
prophage loci and other genes that are evolutionarily associated with the emergence of the
pathogens. More importantly, we identified several potential toxin proteins, including novel
toxins homologous to the EspG/VirA effectors, a YdjM phospholipase toxin, and a secreted
endonuclease/exonuclease/phosphatase (EEP) family protein. The new information gained
from this research provides important insight into the evolution and pathogenesis of
Liberibacter pathogens and will facilitate development of novel detection and blockage
methods targeting the toxins.

RESULTS

Phylogenetic relationships of HLB-associated pathogens suggest an evolutionary
transition from nonpathogenic ancestor to pathogenic descendants. We first sought to
understand the evolutionary relationship of the HLB-associated pathogens. We collected all
Liberibacter species whose genome information is available in the NCBI GenBank database
(Fig. 1A and Table S1). This includes eight genomes of HLB-associated pathogens (six strains
of “Ca. Liberibacter asiaticus” [26-31], one genome of “Ca. Liberibacter africanus” [32], and
one of “Ca. Liberibacter americanus” [2]), one genome of “Ca. Liberibacter solanacearum”
(33), one genome of “Candidatus. Liberibacter europaeus” (which is a potential pathogen of
Cytisus scoparius and vectored by Arytainilla spartiophila) (34, 35), and two genomes of
Liberibacter crescens (which was isolated from papaya and represents the most basal lineage
within the Liberibacter genus) (36, 37). Maximum likelihood phylogenetic analyses of three
conserved genes, 16S rRNA, 23S rRNA, and DNA polymerase |, support the same tree topol-
ogy (Fig. 1B to D). Importantly, this analysis revealed that the species associated with HLB
are not monophyletic. Both “Ca. Liberibacter africanus” and “Ca. Liberibacter asiaticus” share
a common ancestor, whereas “Ca. Liberibacter americanus” shows a close relationship with
“Ca. Liberibacter europaeus.” Between these two groups is “Ca. Liberibacter solanacearum,”
a pathogen of potatoes, tomatoes, and carrots. Further, all five species of pathogens share a
common ancestor with L. crescens as a sister group. L. crescens bacteria are free living and
do not seem to be pathogenic, despite the fact that they were isolated from papaya (37).

The phyletic pattern between the ancestral species and the descendants revealed a
clear demarcation between the free-living nonpathogenic Liberibacter bacteria and the
endophytic pathogenic species, suggesting that both the intracellular habitat and
pathogenicity are derived traits of Liberibacter during evolution. We hypothesized that
the development of these new traits was attributed to genomic changes, including
both gene-loss and gene-gain events, that occurred in the ancestor of the Liberibacter
pathogens. Based on this hypothesis, we designed several phylogenomic comparison
strategies to specifically identify genes or genomic regions that display unique phyletic
patterns in either pathogenic descendants or ancestral L. crescens species to under-
stand the evolution and pathogenicity mechanisms of Liberibacter.

Whole-genome comparisons of Liberibacter bacteria. The first computational
strategy involved comparing whole Liberibacter genomes in order to develop a general
idea of changes and dynamics of large genomic regions during evolution. Pairwise TBLASTX
comparisons were used to identify gene correspondence between the genomes (indicated
by direct lines in Fig. 2). We found that between five pathogenic species, the majority
of their genome regions preserve similar gene composition and organization, with several
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FIG 1 Phylogenetic relationship of HLB-associated bacteria and their relative species. (A) Detailed information of Liberibacter species whose
genomes were investigated in this study, including their evolutionary relationship, transmitted vectors, hosts, and associated diseases. The
evolutionary relationship was derived from phylogenetic trees of 16S rRNA (B), 23S rRNA (C), and DNA polymerase | (D). (B to D) The
phylogenetic trees were inferred using the maximum likelihood (ML) method, where the supporting values from 100 bootstrap are shown
for major branches only. The outgroup clades have a gray background.

large-scale genome inversions (as shown in crossed blue lines in Fig. 2). When we compared
genomes of the nonpathogenic L. crescens and pathogenic “Ca. Liberibacter europaeus,”
their genome organization was more diverse than that between genomes of pathogens.
This suggests that extensive genomic changes did occur between the nonpathogenic
ancestor and pathogenic ancestor, consistent with their transitions in living habitat and
pathogenicity.

Genomic organization dissection and classification of Liberibacter prophage
loci. Prophage loci are typically among the most variable regions on bacterial genomes
and play a critical role in pathogenesis (38) by carrying toxins or virulence factors, such
as cholera toxins (39) and the toxins used by pathogenic Escherichia coli (40). Indeed,
Figure 2 shows a striking difference in length of prophage loci on these genomes.
Although several prophage loci in Liberibacter bacteria were identified previously (29,
36, 41, 42), a clear understanding of their genomic organizations, functional composi-
tions, evolutionary relationships, and origins remains missing. Thus, we conducted an
in-depth gene neighborhood analysis to systematically extract the potential prophage
loci, identify their boundaries, and annotate their components. As a result, we retrieved
36 prophage loci from the 12 available Liberibacter genomes (Fig. 3, Table S2, and Data
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Set S1). We annotated their gene components by clustering the protein products and
dissecting their domains. We found that these prophage loci displayed a highly variable
gene composition. However, based on the shared gene components, we were able to clas-
sify them into four major types, including LC1, LC2, SC, named according to the representa-
tive prophage locus identified in previous studies (36, 41), and UT, a unique type of pro-
phage (Fig. 3). Specifically, the LC1 type is only found in nonpathogenic L. crescens whereas
LC2 is present in all Liberibacter species. They are similar in terms of gene composition; how-
ever, LC2 contains several unique genes, such as LC_TM, Peptidase_S74_2, LC_3, HTH_XRE,
and DUF1376. The SC type is found in all Liberibacter pathogens and typically has a large ge-
nome size with big variations among loci which are caused mainly by independent genome
deletion and insertions. It is noteworthy that several genomes contain multiple copies of the
SC-type phages. These include two copies in “Ca. Liberibacter asiaticus” gxpsy genome, two
copies in “Ca. Liberibacter solanacearum” ZC1 genome, and three copies in “Ca. Liberibacter
europaeus” NZ1 genome. In contrast, the UT type represents a novel group of prophages
that we recovered in all “Ca. Liberibacter asiaticus” strains. The size of the UT type is much
smaller, and its gene composition is close to that of the SC type. There is also a small pro-
phage locus (ZC1) on the “Ca. Liberibacter solanacearum” strain ZC1 genome which might
be the ancient prophage remnant after excision from the host genome.

Phylogenetic analysis reveals independent gene transfers of phages to Liberibacter.
We next attempted to trace the evolutionary histories of these prophages to examine
their correlations with the development of pathogenicity. As terminase, the key phage
component involved in the phage DNA packing process (43), is the only gene component
conserved across all identified prophage loci (Fig. 3), it was used as a marker to infer the evolu-
tionary origins of these prophages. We conducted several BLASTP searches using different ter-
minases from Liberibacter species to collect homologs. Using both maximum likelihood and
Bayesian inference analyses (Fig. 4A), we found that the terminases of Liberibacter prophages
are not monophyletic; instead, they are nested in three separate clades. This indicates that the
LC1, LC2, and SC (together with UT) prophages have different evolutionary origins and that
they have been transferred independently to Liberibacter at different evolutionary time points
(Fig. 4A). In addition to their independent origins, the tree also suggests that multiple copies
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of the SC phage in several Liberibacter pathogens were likely generated from genome-specific
duplications, such as those in “Ca. Liberibacter solanacearum,” “Ca. Liberibacter europaeus,”
and “Ca. Liberibacter asiaticus” (Fig. 4A). However, the SC prophages appear to have under-
gone further diversification and recombination, given the following facts: (i) their terminases
do not follow a typical pattern of vertical evolution, unlike the LC2 terminases (Fig. 4A), and (ii)
in the genome comparisons, the SC phages from different “Ca. Liberibacter asiaticus” strains
display a striking divergence in certain regions, in contrast to other genomic regions (Fig. 4B).

Based on the results from gene neighborhood classification and phylogenetic analysis, we
propose that LC2, LC1, and SC prophages were introduced at the base of Liberibacter, the
base of nonpathogenic L. crescens, and the common ancestor of the Liberibacter pathogens,
respectively (Fig. 4C). As for the UT phage, it likely originated from a duplication event of the
ancestral SC phage at the base of the “Ca. Liberibacter asiaticus” species (Fig. 4B and C).
According to the phylogenetic histories of these prophages, we can infer that the origin of the
SC type of prophages was associated with the emergence of pathogenicity of the Liberibacter
decedents.

Ortholog clustering analysis reveals additional unique genes which were either
lost or gained in the ancestor of pathogens. We next sought to identify other genomic
(nonprophage) genes which might be associated with the transition from the nonpa-
thogenic ancestor to pathogenic descendants. These genes should be featured by hav-
ing undergone either gene-loss or gene-gain events in the common ancestor of all

Volume 9 Issue2 e00509-21

MicrobiolSpectrum.asm.org 6



Comparative Phylogenomics of Liberibacter Pathogens

@ spsctrmy

P. sp.

B. sp.

D. bacterium

S. americanum

S. sp. BJ1

981 s. meliloti

R. leguminosarum
.00, L. crescens BT-1
L. crescens BT-0

C.L. asiaticus*
A. insulae
bacterium

—— H. bacterium
_I_— P. sp. ctka020
C.D. bacterium

1.00 L. crescens BT-1

(1.0) 100y R- ecuadorense
R. mesoamericanum

0.98! R. bacterium
1.00

P. bacterium
P. bacterium

C.P. archaeon
F. bacterium
C.D. bacterium
N. sp. Nsp37
G. bacterium
M. tunisiensis
M. bacterium
N. bacterium
D. bacterium
C.L. solanacearum ZC1 (ZC1)
C.L. solanacearum R1
1.00; C.L. europaeus NZ1
0.86[ 1 C.L. europaeus Nz1
C.L. europaeus NZ1
C.L. europaeus NZ1*
C.L. solanacearum ISR100
C.L. asiaticus gxpsy
91| C.L. asiaticus JXGC*
C.L. asiaticus gxpsy
C.L. asiaticus psy62
C.L. asiaticus AHCA1*
C.L. asiaticus A4
C.L. solanacearum ZC1
C.L. solanacearum ZC1
C.L. solanacearum LsoNZ1
C.L. africanus PTSAPSY
C.L. americanus SaoPaulo
C.L. asiaticus TX2351 (UT)
C.L. asiaticus Ishi-1 (UT)
0.99{ ¢ asiaticus gxpsy (UT)
0.99| C.L. asiaticus psy62 (UT)
C.L. asiaticus A4 (UT)
C.L. asiaticus AHCA1 (UT)
C.L. asiaticus JXGC (UT)

1.00

0.89]

LC2 prophage
terminase clade

C.L. europaeus NZ1

C.L. americanus SaoPaulo
C.L. solanacearum ZC1
C.L. africanus PTSAPSY

LC1 prophage
terminase clade

uncultured Mediterranean phage uvMED

SC-like prophage
terminase clade

C.L. asiaticus

C.L. asiaticus

C.L. asiaticus

C.L. asiaticus

C.L. asiaticus

B

A4

gxpsy

psy62

AHCA1

o

s (e ssuno

LC1/ [ L. crescens BT-0

L sl Outgroup

I Prophage LC1

JXGC
C.L. asiaticus #= S m o va gy
Ishi1 e ton o o v
- Prophage LC2 Prophage SC-like - Prophage UT
C C.L. asiaticus A4 ) Bl s
C.L. asiaticus gxpsy Rl sc1 1 5c2 »
U; C.L. asiaticus psy62 ) Bl sc
C.L. asiaticus AHCA1 ) PRl sc |
C.L. asiaticus JXGC ) I Disc:
C.L. asiaticus Ishi-1 ) st
SCik C.L. africanus PTSAPSY P s
-like
N C.L. solanacearum ZC1 —_—c . ‘ sc2
ZC1(Fragment)
LCQ\ C.L. americanus SaoPaulo B s (55
C.L. europaeus NZ1 PO w51 11 52 S
SC-3(Fragment)
L. crescens BT-1 L

o

[l Prophage LC2

- Prophage UT

Il Prophage zC1

Prophage SC-like

FIG 4 Independent origins of Liberibacter prophages. (A) Phylogenetic relationship of prophage terminases. The phylogeny was constructed by using
maximum likelihood (ML) and Bayesian inference (Bl) methods. The ML tree with the highest log-likelihood is presented with the major branches
supported by both ML bootstrap values (top) and the Bl posterior values (bottom, bracketed). The terminases from the previously defined Liberibacter
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sequences were translated by the ORFfinder program, which are indicated by an asterisk symbol (*). (B) Whole-genome comparison of different strains of
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bottom. The red arrows indicate the potential gene transfer events of different prophage types.

pathogens. Therefore, we were specifically interested in identifying two groups of genes
which display unique phyletic patterns: first, the genes that underwent gene loss are present
in the nonpathogenic L. crescens species but not in pathogenic descendants, and second,
the genes that underwent gene gain are present in all pathogens but not in nonpathogenic
L. crescens species (Fig. 5A).

To identify these genes, we utilized three steps of analysis. First, we carried out an
ortholog analysis using the OrthoFinder program (44) to cluster the proteins (excluding
the prophage components) of all collected Liberibacter genomes into different orthologous
groups (orthogroups). Based on their phyletic profiles, we identified the orthogroups that
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are present only in pathogens (but not in the nonpathogenic ancestor) or only in the nonpa-
thogenic ancestor (but not in pathogens). We also utilized whole-genome BLASTP searches
to specifically identify the cases of gene gain or gene loss by comparing the Liberibacter pro-
teins with other sequences in the NCBI database, according to the pairwise sequence similar-
ity scores. Finally, to validate and confirm the above results, we conducted extensive phylo-
genetic analyses on all identified orthogroups. From these analyses, we identified 323
orthogroups (about 335 genes in L. crescens BT-1) that were lost in all pathogenic descend-
ants and 35 orthogroups (about 35 to 37 genes in each pathogen) that were gained in the
ancestor of all pathogens (Fig. 5A and Table S3 and S4). Figure 5B to D shows the evolution-
ary histories of the three orthogroups. The tree topology supports a common ancestry of
the homologous genes at the base of the Liberibacter pathogens, and their origins were
likely from bacteria other than the nonpathogenic Liberibacter ancestor.

The gene-loss and gene-gain events might contribute to the establishment of
endophytic habitats of pathogens. To understand the functional significance of
these two types of orthogroups, we performed Gene Ontology and KEGG pathway
analysis. This revealed that many of the genes that were lost in the endophytic pathogens are
involved in synthesis and metabolism of several major types of cellular components, including
amino acids, phosphate-containing compounds, nitrogen components, and nucleic acids (Fig.
S1 and S2 and Table S5). Strikingly, the whole biosynthetic pathways for tryptophan and histi-
dine were missing in the pathogens (Fig. 6). The majority of the biosynthetic genes are clus-
tered together as different operons on the ancestral L. crescens genome; however, a complete
deletion of several related operons and other genes highlights the dependency of these intra-
cellular pathogens on receiving these nutrients from their hosts.

For the genes that were gained in the pathogens, we found that they encode multiple
transporters, enzymes involved in DNA/RNA synthesis, regulation, or small molecule metabo-
lism, and several transmembrane proteins (Table S4). Some of them might contribute to the
pathogen'’s ability to adapt and proliferate in the intracellular environment of host cells. For
example, the survival protein SurE is a metal-dependent nucleotide phosphatase that has
been shown to be essential for bacterial pathogenesis and survival in the stationary phase and
in harsh conditions (45). Further, the multiple transporters might play important roles in
exchanging chemical components between the pathogens and the plant host (46). Thus,
both the gene-loss and gene-gain events that happened in the ancestor of Liberibacter patho-
gens seem to have defined the molecular foundation of their endophytic habitats.

Extensive sequence and structure analyses identify potential virulence factors,
including several polymorphic toxins. Since pathogenicity is an acquired trait for
Liberibacter bacteria, we hypothesized that such ability is attributed to the unique pathogenic-
ity-related genes that were gained by the ancestor of these pathogens during evolution (or
gene-gain events). Therefore, the potential virulence factors, such as toxins and effectors,
should be among the gene-gain list that we identified (Table S4). However, of the proteins on
our list, almost half of them are hypothetical proteins with no functional annotation. To accu-
rately uncover the function of these proteins, we conducted a series of analyses to examine
the sequence/structural features of these proteins, dissect their domain components, establish
the distant relationship between these domains with the known Pfam domains, and synthe-
size the function of the proteins by combining the domain annotations. This systematic analy-
sis has allowed us to identify three groups of proteins as potential toxins/effectors (Table S4).

FIG 5 Legend (Continued)

gained or lost during evolution according to the phyletic patterns (presence or absence) of orthologous genes in both ancestral free-
living L. crescens and pathogenic decedents. (B to D) Phylogenetic verification of gene transfer events of three gene products,
exonuclease-endonuclease-phosphatase (EEP), peptidase M75 (iron transporter), and sodium:dicarboxylate symporter family (SDF)
protein, to the pathogenic ancestor. The trees were inferred using maximum likelihood (ML) method, and the supporting values from
100 bootstraps are shown for major branches. Sequences were annotated by their species and strains, colored accordingly. Some
sequences from different “Ca. Liberibacter asiaticus” strains are identical and share the same NCBI accession number, so we use one
sequence to represent them, indicated by an asterisk (*). Specifically, “Ca. Liberibacter asiaticus” in panel B indicates sequences from
“Ca. Liberibacter asiaticus” strain psy62, strain gxpsy, strain A4, strain AHCAT1, strain Ishi-1, and strain JXGC, “Ca. Liberibacter asiaticus"*
in panel C indicates sequences from strain A4, strain AHCAT1, strain Ishi-1, and strain JXGC, and “Ca. Liberibacter asiaticus”* in panel D
indicates strain psy62, strain gxpsy, strain A4, strain AHCAT1, strain Ishi-1, and strain JXGC.
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FIG 6 KEGG pathway analysis reveals a complete deletion of a chain of enzymes of the pathways responsible for biosynthesis of tryptophan (A) and
histidine (B) in the pathogenic Liberibacter species. In each case, operonic structure of biosynthesis enzymes in the ancestral L. crescens BT-1 genome is
presented above, with the enzyme genes in colored arrow blocks and gene boundaries indicated by genomic locations; the KEGG pathway is shown
below, with reaction steps in arrowed lines, colored according to the operonic blocks. The gray blocks indicate the genes that are not associated with

the pathway and not lost in pathogenic Liberibacter species.

The first toxin group comprises two hypothetical proteins (e.g, WP_012778667.1 and
WP_012778668.1 in “Ca. Liberibacter asiaticus” strain gxpsy). By sequence analysis, we found
that these two proteins share a unique domain architecture containing two previously
unrecognized domains, a PD domain (designated for the conservation of two residues, Pro
and Asp; Fig. S3) and a Ntox52 domain (Fig. S4). No function has been associated with these
domains. However, by studying the proteins containing either the PD or Ntox52 domains,
we found that they are also coupled with other domains that are components of polymorphic
toxin systems (PTSs). PTSs are a vast class of toxin systems that we have recently identified in
bacteria and archaea (47-50). They serve as primary weaponry for many bacterial pathogens
(51-54) which were exported through different secretion pathways, such as T2SS, T5SS, T6SS,
and T7SS (47, 48, 50, 55, 56). Despite the extensive diversity of these polymorphic toxins, we
were able to dissect the underlying principles of these proteins: (i) the toxins typically contain
multiple modular architectures with N-terminal secretion-related domains, central repeats or
linker domains, pretoxin domains, and C-terminal toxin domains, and (ii) the toxins display a
tremendous polymorphism in domain composition as they diversify through domain recombi-
nation or shuffling (47, 48, 50). Therefore, the association of toxin-related domains is the most
prominent feature of toxin proteins.

We found that both the PD and Ntox52 domains display a typical association with
other toxin-specific domains (Fig. 7A). The PD domain is frequently coupled with long

Volume 9 Issue2 e00509-21 MicrobiolSpectrum.asm.org 10



Comparative Phylogenomics of Liberibacter Pathogens

A WP_012778667.1 Candidatus Liberibacter asiaticus (Alphaproteobacteria) B
PD

WP_012778668.1 Candidatus Liberibacter asiaticus (Alphaproteobacteria)
PD

NIH12428.1 Serratia symbiotica (Gammaproteobacteria)

PD

WP_131701693.1 Enterobacter genomosp. O (Gammaproteobacteria)

WP_014716902.1 Pseudomonas fluorescens (Gammaproteobacteria)

PseuCD2 Ntox52

WP_162617360.1 Providencia rettgeri (Gammaproteobacteria)
TEweco (@)

WP_011335381.1 Pseudomonas fluorescens (Gammaproteobacteria)

C PseuCD

WP_057021785.1 Pseudomonas synxantha (Gammaproteobacteria)

I

i

C

. Secondary Structure  — C = —C——ssse——
Ydjm Ve 46 V71 V76
*CLas_WP_015452856.1 MTYEGEICIFALASVILAKKVN 10 GTVVLGALLSCLLEPRIDHE 14 TSCIS F \STLAVILYKWLIHHFF 7
CLaf WP_047263772.1 MTFR( IFALASIILAKKIN 10 GIVIAGALLSCLLPWIDHP 14 PSFILI GF' ISITLAVILYGWLIHYFF 7
CLso_WP_044054324.1 MTFKI IFALASVILAKKVS 10 GITALGALLSCLLPWRIDHS 14 TSYIL! F ISTLAVILYVECIHQFF 7
CLam WP_023466341.1 MTFKGCVFALSMIIIAKKFV 10 GNVILGSMLSFSLPRIDHP 14 TSHIL F 1STLSVVLFSLLINNCL 7
CLeu_ PTL86073.1 MTFKGECIFSLSTIIVAKKIG 10 DIVIIGALLSCVLPRIDHP 14 TCGIL! F ISTLSFFLY IWLLNQVL 7
Gbet_WP_072548542.1 MMAGSEIVALGAAAWLIVAPKL 16 AAGLVLAVAGALLPSVDHP 14 LSKAF GV ISLLATTACGWAMQHSR 2
Alpha toxin Vi1 Ves
Csar_10LP_A DGTGIEISVIVTQATIEMLKHDL 15 EKNLHKFQLGSTFPMYDPN 2 -~SLYOQ) D 21 NAESQTRKFATLAKNEWD 2
Bcer 2HUC_A EGVNSEILWIVNRAIDIMSRNT 11 NEWRTELENGIYAAWYENP 4 —STFASLFYD 12 QAKETGAKYFKLAGESYK 2
Nmag_YP_003480544.1 ELTQDEAETIDEIRDYYEIEQ 90 ECSFDWLPGTGFLDWFLVD 12 HTHEPYRIEYW 15 SAFGGAPGEAQYMMDQAY 2
Bsp._2P_02000037.1  YELETZATISQEATKLSVLGT 26 KKLLEVIGDGARFENWP- --RF! 'YD 40 DGRDYLYQALTLPNATER 2
Het-C
Pent_YP_609853.1 AGEG! TIERVLEEV----- 62 ~-DDGEEQGDFQVSPIHVLGV  —-YKAS DN 44 VAHMS SKIREAAREGK-—
Psyr_NP_794309.1 EHTHTEGAIEAVLESA-—--— 61 —~~MRIDRSRFVVTPIIRLGV -YRPGEEIIDN 44 VDIMVAGLESAVNAGPQ-
Fvan_XP_003040294.1 GYVWREGDIVEALRYLPASFV51---GFATDEFEVTRZRLGC -YKHVERIDN 46 ADYVITQLRECIRLGREK 3
Pgra_EFP88730.1 GKAW! DIEDSLEGLVKVAG 78 ——-GYATREFQVTRIFRLSV - YLLT; DN 68 TACTRRVFRQCIELGROQA 7
$1-P1 nuclease
Pcit_1AKO_A WGAL( TVAYVAQHYVSPEA 11 —-SSSYLASIAS KWSAS ID 21 CSISATIANYTQRVSDSSL 1
Mmar_ZP_01687413.1  WGFFARQRINRLAVFTLPSEM ¢ —---- YLTENAINPW KGEAPREFID 36 IVPWHINFMKYRLTKAFK 3
Gmal_zP_07031395.1  WGRDGZMMINRLAAQYLPSDV 9 ---LDTMEYLGPEPM DTQSPDEFFD 56 QOVEEVWORLKTDLREYRK 11
Lint_YP_001639.1 WGWEGEZRTIGI TAQQLLINSK 9 --GDLTLEQISTCPRELKA 22 TNTGPWEFID 20 CVVAEINKWS SVLADTTQ 1
Consensus/75% hhh.sHs.bs..h..bh.... ..... hh....hhs+b..s ...h.pHbh. sh..hh.bb..b...p.b

D

YdjM (CLas_WP_015452856.1)

WP_143942405.1 Streptomyces sp. MZ03-37 WP_081417210.1 Paenibacillus sp. Soil522

EE Yo

Ntox52 (WP_012778667.1)

PseuCD AlphaFold model

@ spsctrmy

EspG effector (3PCS_A)

C

QGLQDALITI
QGFQDSLIT|
QDFQDAMIT|
KGLHDSMIT
RGFHDAMIT
RTIIDPLVT)
Vi3e V152
NYEKAAWY! 10 HVKFPIATYAEERKDTYRLDT
DMKQAFFY. 12 HSKYIINFVDTIKDNYKVTD
SFSTRRDY.: PMGVPL:IT 29 HEDYIJEWAADNFEDADWY L
NFGLFFRT: QPQEIT 4 HAFGRNVLYEGYTEKVVDD

KEFESFRLLETGLZTLER--FS] -NWCHLALOKLGHKHVFAH
b

-TAE LEVLER--YFARS  —NI LSLHKQGHTQVLPW

~STDGLRD! LETLER--FFARS -NFARLSLIKLGHTRVLPW

SKKEAFIH: LETLER--FSAES -NFTIYLCLHELGEGDVFAF
S

- SENHAEALRFL D 21 HS DWIITYMPOKLIGGHAL-
-ATKILRLSAEIGEYTIANANVELET 14 HGFWSRLPELYSDNY -~
-QTVILFEAGWLG T 21 HSLRYSLYVSANIKPA- -~
-KAKRLQALS T 23 HSMWJINLVNYISTNR- -

...p.hbhbGbh.Hbh.Dh..shh. .shh+.hb..bh...sh..

Alpha toxin (10LP_A)

10LP_A Clostridium sardiniense

FIG 7 Identification of potential protein toxins. (A) Domain architectures of representative polymorphic toxins containing the PD domain and the Ntox52 domain.
The PD toxins of “Ca. Liberibacter asiaticus” are highlighted in red. Domain architectures are labeled by accession numbers, species names, and their lineages in
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N-terminal regions and several C-terminal toxin domains such as the EndoU nuclease, deami-
nase, and ADP-ribosyltransferase (ART-HYD3) domains (Fig. 7A), which were identified in our
earlier studies (47, 48, 50, 57). The Ntox52 domain, on the other hand, is always located at the
C terminus of toxin proteins, a position that the toxin domain typically occupies, and coupled
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with other toxin-specific central modules, such as RHS (rearrangement hot spot) and
PseudoCD2. These lines of evidence strongly suggest that the two identified proteins repre-
sent novel polymorphic toxins where the PD domain is a pretoxin module and the Ntox52 is a
toxin module. As no homolog was found in profile-profile sequence searches, we next mod-
eled the structure of Ntox52 using AlphaFold2, a recently developed method that can predict
the protein structures with atomic accuracy even where no similar structure is known (58).
With the structure model of Ntox52, we were able to identify its distant homologs by using
structure similarity searches implicated in the DALI program (59). These analyses revealed that
the Ntox52 domain adopts an alpha plus beta structure (Fig. 7B) which shows significant
similarity to several known effectors, including enteropathogenic E. coli EspG effector (PDB:
3PCS_A; DALI Z-score = 7.5; Fig. 7B) (60), Shigella flexneri VirA effector (PDB: 4FMC_E; DALI
Z-score = 7.5) (61), and nematode CPI effector (PDB: 4IT7_D; DALI Z-score = 5.0) (62). These
effectors have been demonstrated to function as an inhibitor of enzymes, including GTPase
and peptidase, suggesting that these structures define a class of new enzyme inhibitors.
Given that Ntox52 is mostly similar to the EspG/VirA effectors (Fig. 7B), we propose that
Ntox52 might function as an inhibitor of a host enzyme, most likely a GTPase.

Another potential toxin is the YdjM protein (Fig. 7C). Our profile-profile comparison revealed
that YdjM is related to several toxin domains, including bacterial alpha toxin (probability 95% of
profile-profile match), a membrane-disrupting phospholipase responsible for gas gangrene and
myonecrosis in Clostridium perfringens-infected tissues (63), and the HET-C domain (probability
93% of profile-profile match), which is also a toxin component that we identified in bacterial
PTSs and in the fungal nonallelic incompatibility system (48, 64) (Fig. 7C). Although they share a
low sequence identity, these domains display conservation in both the structural composi-
tion and the catalytic core (Fig. 7C and D). The catalytic core of the known alpha toxin and
Het-C domains involves seven conserved residues, six of which are preserved in the YdjM
domain. However, our structural modeling suggested that the YdjM-specific His76 serves an
equivalent role as His136 of the alpha toxin (Fig. 7D). Further, by analyzing the domain archi-
tectures of many other proteins containing the YdjM domain, we found that (i) several bacte-
rial RHS-type toxins use YdjM as their C-terminal toxin module (e.g.,, WP_143945134) (Fig. 7D)
and (i) the YdjM domain is predominantly coupled with a novel beta-sandwich domain
(Fig. 7C and Fig. S5), like the alpha toxin, which has a beta-sandwich domain to facilitate toxin
localization at the membrane (63). Thus, based on these lines of evidence, we proposed that
YdjM is a novel phospholipase toxin which might disrupt the membrane of host cells.

The third toxin group includes several proteins belonging to the EEP (endonuclease/exonu-
clease/phosphatase) family (Fig. 5B and Table S5). They contain an N-terminal signal peptide,
indicating that they are secreted and therefore might target host cells. The EEP family com-
prises many enzymes with different activities, from DNA Hike nucleases, endonucleases of ret-
rotransposons, and inositol polyphosphatases to phosphodiesterases (Pfam ID: PF03372). By a
phylogenetic analysis of the Liberibacter EEP-related sequences and other known EEP enzymes
(Fig. S7), we found that the Liberibacter EEP and related sequences form a distinct clade which
is more closely related to a clade of DNA I-like nucleases, which also include Haemophilus
ducreyi cytolethal distending toxins (1SR4_B) (65) and Salmonella typhoid toxin (4K6L_F) (66).
Therefore, it is possible that the secreted Liberibacter EEP proteins act as nuclease toxins target-
ing the host DNAs.

DISCUSSION

HLB is the most destructive disease of citrus worldwide and is associated with several
species of Candidatus Liberibacter, a psyllid-transmitted, phloem-limited alpha proteobacte-
ria. Despite intense scrutiny, molecular mechanisms of the HLB pathogenesis remain to be
elucidated. The fact that these pathogens are obligate intracellular bacteria and are not cul-
turable in vitro has made experimental, functional studies extremely challenging. Thus, com-
putational mining of available genome information has become a promising strategy to
uncover potential pathogenesis mechanisms of HLB and to guide the directed experimental
studies. Here, we present an in-depth comparative genomic analysis of several Liberibacter
species, including those pathogens associated with citrus HLB and potato ZC, along with
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the ancestral, nonpathogenic Liberibacter species, L. crescens. We successfully identified the
major genomic changes that may contribute to the establishment of endophytic habitats
and pathogenicity of the Liberibacter pathogens.

One of the major genome variations found by our comparative genomic analysis
resides at the prophage loci (Fig. 2 and 3). Prophages in Liberibacter have been studied
extensively in the past, but the results are controversial. On the one hand, the primary
HLB pathogen, “Ca. Liberibacter asiaticus,” is found to carry two prophage loci whose lytic
cycle was activated during bacterial infection in plant (41), indicating that the prophage
might be involved in pathogenicity or infection. On the other hand, the absence of the pro-
phage in a Japanese strain of “Ca. Liberibacter asiaticus” Ishi-1, which also induces severe
symptoms in citrus, suggests that the prophage might be dispensable for pathogenicity.
Further, many different prophage loci are identified in both Liberibacter pathogens and the
free-living ancestor (36, 42), making it more difficult to understand their functional contribu-
tion. To resolve these puzzles, we conducted a unique, comprehensive operonic association
analysis to recover all the prophage loci in the Liberibacter genomes and systematically
annotate the conserved phage components. According to both the prophage composition
and phylogeny of the conserved terminase, we were able to classify these diverse prophage
loci into four major types, namely, LC1, LC2, SC, and UT. This result has clarified several
points of confusion about the presence of the prophage loci in the Liberibacter species. For
example, our phylogenetic analysis has linked the recently classified type 4 prophages from
the Liberibacter pathogens (42) to the earlier LC2 prophage from the ancestral L. crescens
(36). We also uncovered a previously undetected prophage type, the UT phage, that is pres-
ent in all the “Ca. Liberibacter asiaticus” strains. Further, we were able to identify the LC2
and UT prophages in the Japanese strain which was previously thought to contain no pro-
phage loci (27). Thus, our detailed annotation and classification of prophages have provided
a genomic resource for studying the prophages in the Liberibacter bacteria.

Importantly, our analysis revealed that these different types of prophages origi-
nated through multiple independent gene transfer events to Liberibacter at different
evolutionary stages (Fig. 4C). However, the SC-type prophage is the only type that was
acquired by the ancestor of the pathogens. Thus, this evolutionary association suggests that
the acquisition of the SC phage might contribute to the emergence of pathogenicity. Indeed,
many bacterial toxins are known to be carried by prophage loci (38-40). On average, a typical
SC prophage locus contains about 35 genes. While the majority of these genes encode struc-
tural components and enzymes involved in phage replication and transcription, others remain
uncharacterized. Therefore, a systematic analysis of the SC prophage components will be nec-
essary to understand their role in the Liberibacter pathogens. We also observed an unusual
divergence between the SC prophage loci from different Liberibacter pathogens and different
strains of the same pathogen (Fig. 4B and C), distinct from other genomic regions and other
types of prophages. This rapid evolutionary pattern of the SC prophage suggests that some of
its components may have acted at the interface of host-pathogen interactions and gained the
upper hand during the evolutionary arms race (67, 68).

Our comparative genomic analysis also identified genomic (nonprophage) genes that
were lost or gained at the ancestor of the Liberibacter pathogens. To be noted, of the 323
orthogroups (335 genes) that were lost in all the pathogens, 56 genes were also identified
as the culture-essential genes for L. crescens in a Tn5 transposon mutagenesis screening
experiment (69). Functional and pathway analysis revealed that biosynthetic pathways of
several essential amino acids in the pathogens were disrupted by gene loss, consistent with
the earlier studies (36, 70). Some of the genes that were gained in the ancestor of the patho-
gens encode transporters or transmembrane proteins, which may also contribute to the mo-
lecular adaptation of the bacteria to endophytic habitats. Further functional characterization
of the genes on the gene-loss and gene-gain lists holds promises for advancing our under-
standing about the nutrient dependence of endophytic Liberibacter bacteria and enabling
rational design of new strategies to culture them in vitro.

More importantly, our detailed sequence and structural analyses have identified
several potential protein toxins. Protein toxins or effectors are the major pathogenicity
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components of bacteria-caused diseases. However, the toxins that are responsible for
HLB and other related diseases have remained enigmatic for years. Early genome annotation
did not reveal any bacterial pathogenesis-related genes in the genome. Although several
studies have attempted to examine the genes encoding small, secreted proteins, candidates
thus far are limited to only certain “Ca. Liberibacter asiaticus” strains (19-21, 23-25, 71). We
had also tried to identify toxins in Liberibacter by utilizing our previously established toxin
domain profiles of polymorphic toxin systems (47, 48, 50); unfortunately, no candidate was
identified. This suggests that the Liberibacter pathogens might utilize some novel toxins
whose toxin domains are not yet identified. Indeed, by studying the hypothetical proteins
that were found to follow a gene gain pattern, we were able to uncover three new toxin
groups, including Ntox52 toxins, a YdjM phospholipase toxin, and a secreted EEP protein.
Despite the fact that they were previously uncharacterized, we show that (i) they are closely
related to several known effector families and (ii) their toxin domains are fused with other
typical domains of the polymorphic toxins. These strongly support their role as toxins in the
Liberibacter pathogens. In addition to the above toxin candidates, other hypothetical pro-
teins in the gene-gain list may also be potential toxins. One such example is the protein
(WP_015452959.1) that was recently found to cause cell death in the leaves of Nicotiana ben-
thamiana (71).

To be noted, only the EEP toxin and several other proteins that were gained during evolu-
tion harbor the signal peptide, the export signal of T2SS (48), or the transmembrane (TM)
region, which directs the protein localization at the bacterial cell membrane so that their
coupled toxin module can be exported. However, two other toxin groups, Ntox52 and YdjM,
do not contain signal peptide, TM, or other secretion-related domains (48). It is possible that
Liberibacter might utilize a yet unknown secretion pathway to export these toxins. Alternatively,
these toxins might be exported when these Liberibacter pathogens undergo phage lytic cycle. It
has been reported that prophages of the SC type, the one acquired by the ancestor of the
pathogens, are activated and convert from lysogenic cycle to lytic cycle when pathogenic
Liberibacter bacteria infect the host plant (41). The lytic cycle of prophages will result in the
destruction of bacterial cell membrane, which could release their cytoplasmic molecules,
including toxins or effectors. Disruption of bacterial cells to release toxins or effectors has
been used by bacteria in the situation of kin selection (72). In the so-called bacteriocin sys-
tem, the bacteria produce cytoplasmic toxin protein, immunity protein, and lysis protein,
among which the lysis protein would lyse bacteria to facilitate the release of both the toxin
and immunity proteins to promote self-nonself recognition in the bacterial community (72).

This research expands our recent efforts in using computational means to dissect the
molecular mechanisms of complex organismal interactions (47, 48, 50, 73). Organismal or
species interactions, interspecific, intraspecific, or between pathogen and host, are the main-
stay of life (48). Driven by the evolutionary arms race, the proteins mediating these interac-
tions, such as toxins, effectors, or virulence factors, typically evolve rapidly and are difficult to
identify using traditional experimental and computational methods (74). The major contribu-
tion of our research in this regard is to use dedicated protein domain-centric analysis strat-
egies, comparative genomics, and evolutionary theory to identify such toxin/effector com-
ponents and to formulate the principle of the systems behind these interactions (47, 48, 73,
74). This approach has led to the discovery of several distinct classes of conflict systems,
including bacterial polymorphic toxin systems involved in kin selection and bacteria-host
interactions (47, 48, 50), Crinkler-RHS (CR) effector systems at the interface of eukaryotic
pathogen/symbiont-host interactions (73), nucleotide-centric conflict systems (75), DNA
modification systems deployed in phage-bacteria interactions (76), and viral pathogenicity
factors involved in coronavirus-host interactions (67, 68). Many of our computational predic-
tions in protein function and the organizational principles of the systems have facilitated the
creation of new concepts and directions in several research fields and have been later exper-
imentally validated, including the recent discoveries of the enzymatic function of animal and
plant Toll/interleukin-1 receptor (TIR) proteins (77, 78), adenosine methylation enzymes (79,
80), type Il CRISPR-Cas systems (81, 82), and novel immunoglobulin proteins and ion chan-
nel proteins in SARS-CoV-2 (67, 68), in addition to much work on PTSs (47, 48, 50).
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As an extension to understand the interactions between bacterial pathogens and their
host, we present our identification of the elusive pathogenicity factors in Liberibacter bacteria.
This knowledge will open doors to developing and deploying new strategies for the detection
of Liberibacter pathogens and treatment of the associated diseases. Both the SC prophage loci
and the genes gained in the ancestor of the pathogenic strains, especially the newly identified
toxin groups, can serve as biomarkers for specific detection of the pathogens. The association
of these genes with pathogenic species suggests that some of them may play a role in patho-
genesis. This hypothesis can be tested directly using targeted, functional experiments. We
envision that future research informed and enabled by our genomic analysis holds great
promises to elucidate the pathogenesis mechanisms of Liberibacter bacteria, leading to long-
sought solutions for curing HLB and other related diseases.

MATERIALS AND METHODS

Genomes that were investigated in this study. A total of 12 genomes of Liberibacter species were
collected from the nucleotide database of the National Center of Biotechnology Information (NCBI).
Their genome annotations including the coding sequences (CDS) and RNA genes were extracted from
NCBI GenBank files. The encoded protein sequences were retrieved from the NCBI protein database. The
detailed information of the genomes used in this study can be found in Table S1.

Pairwise genome comparisons. To systemically identify the genomic features and variations among
Liberibacter species, we performed pairwise whole-genome comparisons by using the local TBLASTX (83)
program with the cutoff E value of 0.001 serving as the significant threshold. The results were visualized
using Artemis Comparison Tool (ACT) (84) with a cutoff matching sequence length at 500 bp and modified
using Adobe Illustrator. The “Ca. Liberibacter europaeus” genome has 15 contigs, and in order to compare
it to other genomes, we linked these contigs based on the following order of their accession numbers:
PSQJ01000001.1, PSQJ01000002.1, PSQJ01000004.1, PSQJ01000005.1, PSQJ0O1000006.1, PSQJO1000007.1,
PSQJ01000008.1, PSQJ01000009.1, PSQJ01000010.1, PSQJ01000011.1, PSQJ01000012.1, PSQJO1000013.1,
PSQJ01000014.1, PSQJO1000015.1, and PSQJ01000003.1.

Protein sequence search and analysis. To collect protein homologs, iterative sequence-profile searches
were conducted using the Position-Specific Iterated BLAST (PSI-BLAST) program (83) against the nonredundant
(nr) protein database of NCBI with a cutoff E value of 0.005 serving as the significance threshold. Similarity-
based clustering was performed by BLASTCLUST, a BLAST score-based single-linkage clustering method
(https:/ftp.ncbi.nih.gov/blast/documents/blastclust.html). Multiple sequence alignments (MSA) were built by
the KALIGN (85), MUSCLE (86), or PROMALS3D (87) programs, followed by careful manual adjustments based
on the profile-profile alignment and the secondary structure information generated by the JPRED program
(88). A consensus method was used to calculate the conservation pattern of the MSA based on different cate-
gories of amino acid physicochemical properties developed by Taylor in 1986 (89). Consensus was calculated
by examining each column of the MSA to determine whether a threshold fraction (either 75% or 80%) of the
amino acids belongs to a defined category. Then, the MSA was colored using the CHROMA program (90)
based on the calculated consensus sequence and further modified using Adobe lllustrator or Microsoft Word.
The HHsearch program was used for profile-profile comparison (91). Signal peptide and transmembrane region
prediction was detected using the Phobius program (92). Potential open reading frames were detected using
the ORFfinder program (https://www.ncbi.nim.nih.gov/orffinder/).

Molecular phylogenetic analysis. We used both the maximum likelihood (ML) analysis, implicated
in the MEGA7 programs (93), and Bayesian inference (BI), implemented in the BEAST 1.8.4 program (94),
to reconstruct the phylogenetic relationships of genes and proteins.

To infer the phylogeny of Liberibacter species, we selected three genes, including 16S rRNA, 23S
rRNA, and DNA polymerase |, collected their homologs from Liberibacter bacteria and other related
sequences using BLASTN or BLASTP programs, and generated MSAs which were further analyzed using
the ML analysis. A GTR (generalised time reversible) model was applied to the RNA sequences, and a JTT
(Jones-Taylor-Thornton) model was applied to the protein sequences. Initial tree(s) for the heuristic
search were obtained automatically by applying neighbor-join and BioNJ algorithms to a matrix of pair-
wise distances estimated using the maximum composite likelihood (MCL) approach and then selecting
the topology with a superior log-likelihood value. For both data types, a discrete Gamma distribution
was used to model evolutionary rate differences among sites (four categories). A bootstrap analysis with
100 repetitions was performed to assess the significance of the phylogenetic grouping.

To reconstruct the evolutionary history of terminases, we first applied the ML analysis in which a
WAG (Whelan and Goldman) model with a discrete gamma distribution (four categories) was used to
model rate heterogeneity among sites. A bootstrap analysis with 100 repetitions was performed to
assess the significance of the phylogenetic grouping. We also applied the Bl analysis with a JTT model and a
discrete Gamma distribution (four categories). Markov chain Monte Carlo (MCMC) duplicate runs of 10 million
states each, sampling every 10,000 steps, was computed. Logs of MCMC runs were examined using Tracer
1.7.1 program (94). Burn-ins were set to be 2% of iterations.

All trees with the highest log-likelihood from the ML analysis were visualized using the MEGA7 program
(93). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The
bootstrapping values from ML analysis and/or the posterior values from Bayesian inference analysis are shown
next to the branches.
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Gene neighborhood analysis of the prophage loci. In order to identify the prophage loci, we uti-
lized the gene neighborhood analysis. Unlike many earlier studies (30, 36, 42), which relied on the exist-
ing phage database and sequences, our analysis was based on the operonic association to comply with
the extreme diversity of prophage loci. As the terminase is the core component of prophage, we used it
as a marker to identify potential prophage loci on the genome. We collected the upstream and down-
stream gene neighbors of the terminase from the NCBI GenBank files. All protein sequences were clus-
tered using the similarity-based BLASTCLUST program (https:/ftp.ncbi.nih.gov/blast/documents/
blastclust.html). Protein clusters were further annotated with the conserved domains which are identi-
fied by the hmmscan program searching against Pfam (91, 95) and our own curated domain profiles.

Identification of the genes gained or lost at the ancestor of pathogenic species. To identify the
genes that were gained or lost at the ancestor of all Liberibacter pathogens, we first utilized the OrthoFinder
v2.2.3 program (44, 96) with default parameters to infer groups of orthologous gene clusters (orthogroups)
among all 12 Liberibacter proteomes based on protein homology detection by Diamond (97) and MCL clustering
(98). Orthogroups comprise genes of related species that evolved from a common gene ancestor by speciation
(99). Given the common ancestry of all Liberibacter species, the majority of the genes should share common
ancestors and be preserved in all these species, whereas the genes that were gained or lost at the ancestor of
the Liberibacter pathogens will display a different presence in either pathogenic Liberibacter species or nonpatho-
genic ancestor. Therefore, we extracted these orthogroups using a custom Python script based on the following
criteria. (i) Orthogroups with gene loss: the ones present in nonpathogenic L. crescens but not in any of the patho-
genic “Candidatus Liberibacter” species. (ii) Orthogroups with gene gain: the ones that are found in at least 4
“Candidatus Liberibacter” species (a total of 5 species used in this study) but not in L. crescens genomes.

Importantly, by conducting case-by-case phylogenetic analyses, we realized that there were still some false
positive and false negatives in the ortholog clustering result. To overcome this methodological limitation, we uti-
lized another strategy given the special situation of Liberibacter species. For ortholog clustering, the gene transfers
between bacterial genomes are the major obstacle. In the case of Liberibacter bacteria, all pathogenic species are
endophytic bacteria and their life cycle is entirely restricted in the host cells. Therefore, they have little chance to
exchange genes with other bacteria, evolution of their genes should have been influenced mainly by sequence
diversification, and their relationship should be readily computationally tractable using pairwise sequence similar-
ity scores. Based on this evidence, we conducted genome-wide BLASTP searches against the NCBI-NR database
using all “Ca. Liberibacter asiaticus” proteins as queries. The results showed a good correlation between sequence
similarity scores and the evolutionary distance. Thus, by this simple BLAST search, we were able to identify (i) the
proteins in the nonpathogenic ancestor that have no close homologs in pathogenic Liberibacter species and (ii)
the proteins in pathogenic species that have no close homologs in the ancestor.

To validate the above results on gene gain and gene loss, we carried out extensive bootstrapped maximum
likelihood phylogenetic analyses using the MEGA7 program for all the identified orthogroups by including both
Liberibacter proteins and other related homologs that were identified from the NCBI-NR database. These three
steps led to an identification of 323 orthogroups (about 335 genes) that are found only in nonpathogenic L. cre-
scens and 35 orthogroups that are present only in pathogenic bacteria (Table S3 and S4). The number of gene-
loss and gene-gain genes might differ between species or strains due to genome-specific duplications.

Protein function analysis. We used three levels of analysis to conduct the functional annotation of
the proteins that were identified in this study. First, we retrieved the annotation information from the
NCBI RefSeq database and Gene Ontology (GO) terms using the Blast2GO program (100). Their involvement in
the molecular synthesis pathways was determined by mapping the KEGG database (101). Second, for those
proteins that have no functional annotation, we annotated them using the conserved domains which were
identified using the hmmscan program searching against Pfam (91, 95) and our own curated domain profiles.
Finally, for proteins with potential uncharacterized domains, we conducted detailed case-by-case analysis of
protein sequences and structures, such as homologous sequence searches (PSI-BLAST) (83), multiple sequence
alignment analysis (KALIGN, MUSCLE, PROMALS3D) (85-87), secondary structure prediction (JPRED) (88), and
sequence-profile/profile-profile searches (HHsearch) (91), to dissect their domain architectures, identify the con-
served sequence/structural features, and predict aspects of their biochemical and biological function.

Protein structure prediction and analysis. The MODELLER (version 9v1) program (102) was utilized
for homology modeling of the tertiary structure of the “Ca. Liberibacter asiaticus” YdjM (WP_015452856.1) by
using the alpha toxin (10LP_A) as a template. The sequence identity between the template and the targets is
9%. Since in these low sequence-identity cases sequence alignment is the most important factor affecting the
quality of model (103), the alignment used in this analysis has been carefully built and cross-validated based
on the information from HHsearch and edited manually using the secondary structure information. For the
Ntox52 domain, as no distant homolog can be identified, we applied the recently developed deep learning
system AlphaFold (58) to predict the structure of a representative toxin protein in “Ca. Liberibacter asiaticus”
(WP_012778667.1). According to the benchmark, AlphaFold generates the structure with atomic accuracy even
where no similar structure is known (58). To identify the distantly related homologs of Ntox52, we conducted
structure similarity searches via the DALI program, which generates an optimal pairwise structural alignment
based on the similarity of local patterns extracted from contact maps (59). Other structural analysis and com-
parison operations were conducted using the molecular visualization program PyMOL (104).

Data availability. All relevant data are included in the article and/or the supplemental material.
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